Objectives. The goals of this study were two-fold: (1) to assess the relationship between blood lead levels and neurobehavioral test performance in a nationally representative sample of adults from the third National Health and Nutrition Evaluation Survey and (2) to analyze the results from previously published studies of occupational lead exposure that used the same neurobehavioral tests as those included in the survey.
Data from the third National Health and Nutrition Examination Survey (NHANES III) have been used to demonstrate that blood lead levels in the population of the United States have declined from 1976 to 1991. 1 The average decline was from 12.8 to 2.8 µg/dl in individuals aged 1-74 years. For children aged 1-5 years, the average decline was from 13.7 to 3.2 µg/dl in non-Hispanic white children and from 20.2 to 5.6 µg/dl in non-Hispanic black children. Steps that have been taken over the past three decades to eliminate common environmental sources of lead contamination, including lead in gasoline, house paint, solder, pottery glaze, and pipes, have dramatically reduced lead levels in the general population. 2 Data from NHANES III also have been used to determine the relationship between blood lead concentration and the cognitive performance of children aged 6-16 years. 3 Decreases in average performance were found for arithmetic scores (0.7 points per µg/dl), reading scores (1.0 points per µg/dl), nonverbal reasoning (0.1 points per µg/dl), and short-term memory (0.5 points per µg/dl) as the blood lead concentration increased. Decreases in performance were found on all the tests at levels less than 10 µg/dl, and for the arithmetic and reading tests, decreases were found at levels less than 5 µg/dl.
In the present study, NHANES III data were used to assess the relationship between blood lead levels in adults and performance on the three computerized neurobehavioral tests included in the survey: simple reaction time, symbol-digit substitution, and serial digit learning. These tests also were used as components of larger test batteries in studies of individuals occupationally exposed to lead (e.g., workers in battery manufacturing plants and secondary lead smelters). The results of previously published occupational studies using these three tests also were analyzed and compared with the survey results.
METHODS

Subjects
The subjects in NHANES III were civilian, non-institutionalized individuals in the United States who were aged 2 months or older. The survey was conducted from 1988 through 1994. Approximately 40,000 individuals were selected to participate in the survey. Of these, 5,662 adults aged 20-59 years were selected to take the neurobehavioral tests, of which 4,937 (87.2%) completed all three tests.
Sampling
The sample design was a stratified, multistage probability design. In the first stage of sampling, 81 primary sampling units (PSUs) were selected. The PSUs were individual counties or adjacent counties. Thirteen of the largest PSUs were divided into 21 survey locations and the remaining 68 PSUs had one survey location. The 89 survey locations or stands were randomly divided into two phases. Phase I consisted of 44 locations visited from 1988 through early 1991. Phase II consisted of 45 locations visited from late 1991 through 1994. Later stages of sampling included selecting area segments within PSUs, households within area segments, and sample individuals within households. The subjects selected for neurobehavioral testing were individuals aged 20-59 years who had an exam at their stand's mobile examination center and had an odd-numbered survey identification number.
Blood lead
Venous blood samples were taken at mobile examination centers or during home examinations given to individuals who could not go to mobile examination centers. Blood lead was measured by atomic absorption spectrometry. The limit of detection for the blood lead measurements was 1 µg/dl. Values below the limit of detection were assigned a value of 1 µg/dl divided by the square root of two. More information about the blood samples, blood lead measurements, and the rest of the survey can be found in the NHANES III documentation and data. [4] [5] [6] 
Neurobehavioral tests
The three tests that were administered are components of the Neurobehavioral Evaluation System 2. 7 The methods used for collecting the neurobehavioral data have been described in more detail previously. Simple reaction time. For this test, subjects pressed a button whenever a solid square was displayed in the center of the computer screen. A total of 50 trials were administered to each subject. The mean reaction time of trials 11 through 50 was calculated in milliseconds (ms). Values less than or equal to 50 ms or greater than or equal to 750 ms were considered outliers and were not included in the calculation. Subjects were usually administered 50 trials using their preferred hand; however, some subjects were administered 30 trials with their preferred hand and 20 trails with their non-preferred hand. The simple reaction time data for these subjects was not included in the statistical analyses.
Symbol-digit substitution. During this test, subjects were presented with a grid that paired one of nine different symbols with one of the digits from one to nine. This grid appeared on the upper half of the computer screen. A similar grid was displayed on the bottom half of the screen; however, the same symbols were presented in a scrambled order and the spaces for the corresponding digits were left blank. Subjects entered the matching digit for each symbol. Five trials were conducted with a different pairing of digits and symbols for each trial. The first trial was a practice trial. The mean total latency of the four test trials was calculated in seconds (s). The total latency for each trial did not include the time it took to respond to the first item. The number of errors that occurred during the four test trials on items two through nine was also calculated.
Serial digit learning.
For this final test, subjects were presented with a series of digits that were displayed one at a time on the computer screen. After all the digits were displayed, subjects entered the sequence of numbers in the order in which they were presented using the numeric keys on the keyboard. The first trial was a practice trial consisting of four digits. All subsequent trials contained the same eightdigit sequence. Testing continued until the subject responded correctly on two consecutive trials or until the subject attempted eight trials. The number of trials to reach the criterion was recorded. If the subject did not reach the criterion by trial eight, the number of trials was scored as an eight.
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The total score was also calculated. This score represented the sum of the error scores for each trial. When a subject's response had fewer than six of the eight digits in the correct position, two points were added to the score. One point was added when either six or seven digits were in the correct position, and zero points were added when all eight digits were reported correctly.
Occupational studies
Many studies have investigated the effects of occupational exposure to lead using the three neurobehavioral tests included in NHANES III. The data from NHANES III are from a large, nationally representative sample. The occupational studies summarized in Table 5 were smaller, crosssectional, and usually had control and exposed groups. Age, sex, and education were usually accounted for by adjustment, matching, or similarity. The subjects in these studies tended to be working age, working class, male, with a high school education or less. The occupational studies were conducted in various countries, including Australia, Canada, China, Finland, Italy, Japan, the United States, the Republic of Korea, Singapore, Sweden, and Venezuela. In these occupational studies, a whole battery of tests, such as the World Health Organization Neurobehavioral Core Test Battery, was usually given. 9 Due to time constraints, only three tests were administered in NHANES III. The methods of many of the occupational studies made reference to here have been reviewed previously.
10,11
Statistical analysis
The computer programs SAS and SUDAAN were used to analyze the survey data. 12, 13 The appropriate sample weights were used to take into account the probability of selection, non-coverage, and non-response. Design effects (DEFF) are included in the Tables because of the complex sample design. A design effect is the ratio of the variance of an estimate from a complex sample to the variance from a simple random sample.
Descriptive statistics were calculated, and regression analyses were performed between measures of neurobehavioral test performance and the log of the blood lead concentrations both unadjusted and adjusted for sex, age, education, family income, race/ethnicity, computer or video game familiarity, alcohol use, test language, and survey phase. All the covariates were classification variables except age, which was continuous.
Mixed linear models were used to analyze data from the occupational studies. Study was a random variable. The log of the blood lead level or a classification variable for exposure status also was included as a fixed effect.
S-PLUS was used to make the graphs. Simple linear least squares regression was used to smooth the data. 14 
RESULTS
NHANES III
The blood lead concentrations of the individuals taking the neurobehavioral tests in NHANES III ranged from 0.7 to 41.8 µg/dl. The estimated geometric mean of the concentrations was 2.51 µg/dl, and the estimated arithmetic mean was 3.30 µg/dl.
Average test performance as a function of blood lead intervals is shown in Table 1 . Scatter plots of the mean reaction time from the simple reaction time test and the Table  2 . Adjusted slopes are shown in Table 3 . The slopes were adjusted for sex, age, education, family income, race/ ethnicity, computer or video game familiarity, alcohol use, test language, and survey phase. No statistically significant relationships between blood lead concentration and neurobehavioral test performance were found when the adjustments were made.
Adjustments were made for demographic and other factors based on a previous analysis of the data. 8 Including the covariates affected the slopes of the relationships between performance and blood lead. For simple reaction time, the slope became more negative. For the other two tests, positive slopes became smaller or negative. To determine which covariates affected the slopes the most, covariates were removed from the regression equations one at a time. When sex was removed from the model, the slope between simple reaction time and blood lead became more negative and statistically significant (slopeϭϪ13.69; pϭ0.007). For mean total latency, removing sex (slopeϭ1.31; pϭ0.0001), age (slopeϭ2.55; pϭ0.0000), or education (slopeϭ0.93; pϭ Table 4 , these covariates were also related to blood lead level. Males had a higher average blood lead concentration than females. The average blood lead concentration increased as age increased, and decreased as education level increased.
Occupational studies
The 26 occupational studies examined for this study are summarized in Table 5 . The average blood lead levels of the control groups in the studies ranged from 3.67 to 20.40 µg/dl, with the average blood lead level of the control groups being 11.42 µg/dl. The average blood lead levels of the exposed groups ranged from 24.00 to 72.00 µg/dl, with the average blood lead level of the exposed groups being 41.07 µg/dl.
In the studies that used a simple reaction time test, the average reaction time of the exposed group was greater than the average reaction time of the control group in 12 studies. 16, 17, 20, 21, 25, 27, 29, 30, 32, 37, 39, 40 In one study, the average reaction time of the exposed group was less than that of the control group. 31 Twelve of the studies compared the exposed and control groups with an inferential statistic. 16, 17, 20, 25, 27, [29] [30] [31] [32] 37, 39, 40 Six studies reported a statistically significant (pϽ0.05) increase in the average reaction time of the exposed group. 17, 25, 27, 32, 37, 39 Five studies reported an increase that was not statistically significant. 16, 20, 29, 30, 40 One study reported a decrease that was not statistically significant. 31 Six of the studies using a simple reaction time test used correlation or regression analysis. 16, 27, 29, 31, 34, 39 Four studies reported a direct relationship between mean reaction time and blood lead level. 16, 29, 31, 39 One study reported an inverse relationship. 34 One of the direct relationships and the inverse relationship were statistically significant. 29, 34 One study reported a relationship of unspecified direction that was not statistically significant. 27 The group means from 11 of the studies using a simple reaction time test were used in a mixed model to estimate and test for a relationship between the log of the blood lead The means from three studies were not included in the analysis. 16, 25, 27 The slope was significantly greater than zero (bϭ32.21; standard error [SE]ϭ11.31; pϭ0.0293). A scatter plot is shown in Figure 3 . A second mixed model was done using a classification variable for exposure status. In the studies using a digit-symbol substitution test, which differs from the digit-symbol test in that it requires subjects to draw symbols on paper versus keying digits on a computer, the average number of symbols drawn by the exposed group was less than the average number in the control group in 14 studies. 15, 18, 20, 21, [23] [24] [25] 28, 29, 32, 35, 37, 39, 40 In two studies, the average number of symbols drawn by the exposed group was greater. 26, 31 Eleven studies reported a statistically significant decrease in the average number of symbols drawn by the exposed group. 15, 18, 20, 23, 25, 28, 29, 32, 35, 37, 39 Three studies reported a decrease that was not statistically significant. 23, 24, 40 No study reported a statistically significant increase. One study reported a statistically significant decrease in the average number of digits entered by the exposed group. 30 One study did not report the measure used for the test, but indicated that the exposed and control groups were not statistically significantly different. 36 One study reported a statistically significant increase in the average response latency of the exposed group. 38 Thirteen of the studies using a digit-symbol substitution test used correlation or regression analysis. 15, 18, 19, [22] [23] [24] 26, 29, 31, 33, 35, 36, 39 One study reported a direct relationship between the number of symbols drawn and the blood lead level. 31 Seven studies reported an inverse relationship. 15, 18, 19, 23, 26, 35, 39 The direct relationship was not statistically significant. Two of the inverse relationships were statistically significant. 15, 23 Four studies reported a relationship of unspecified direction that was not statistically significant. 22, 24, 29, 33 One study reported a relationship of unspecified direction between an unspecified measure of test performance and blood lead level that was not statistically significant. 36 The group means from 15 of the studies that used a digitsymbol substitution test were used in a mixed model to estimate and test for a relationship between the log of the blood lead level and the number of symbols drawn. 15, 18, 20, 21, [23] [24] [25] 29, 31, 32, 33, 35, 37, 39, 40 The means from seven studies were not included in the analysis. 19, 22, 26, 28, 30, 36, 38 The slope was significantly less than zero (bϭϪ10.04; SEϭ2.20; pϭ0.0008). The scatter plot is shown in Figure 4 . A second mixed model was done using a classification variable for exposure status. One additional study was included in this analysis. 28 The mean of the exposed groups (41.52; SEϭ1.72) was significantly less than the mean of the control groups (48.70; SEϭ1.76), pϽ0.0001.
One study reported results from a serial digit learning test. 30 The average number of correct responses was less in the exposed group as compared with the control group. The difference was not statistically significant.
DISCUSSION
The Centers for Disease Control and Prevention's (CDC) Adult Blood Lead Epidemiology and Surveillance program defines an elevated blood lead in an adult as 25 µg/dl or greater, and the Occupational Safety and Health Administration's (OSHA) level for medical removal from the workplace is 50 µg/dl or greater. 42, 43 Eleven individuals in the survey that took the neurobehavioral tests had a blood lead concentration 25 µg/dl or greater. None were greater than 50 µg/dl. When adjusted for covariates, no statistically significant relationships between blood lead concentration and neurobehavioral test performance were found. All but one adjusted slope was negative. Negative slopes indicate an improvement in performance. The results of the analysis of the NHANES III data do not provide evidence for impairment of neurobehavioral test performance in adults at levels below 25 µg/dl, or at lead concentrations currently found in the general adult population of the United States. The lack of relationship found here may be due to a lack of toxicity of lead in adults at the levels investigated, a sample size or study design that did not allow enough precision to detect a relationship, or neurobehavioral tests that are not sensitive to the toxicity of lead at the levels investigated.
Children in the NHANES III sample showed decreases in cognitive performance at blood lead levels less than 5 µg/dl. 3 The adults in NHANES III did not show lead-related decreases in performance. The geometric mean of the blood lead concentration of the children, 1.9 µg/dl, was less than the geometric mean for adults taking the neurobehavioral tests, 2.51 µg/dl. Children are considered to be more susceptible than adults to the toxic effects of lead exposure due to the immature state of their nervous systems, the increased tendency to ingest inappropriate products, and a higher absorption rate of lead relative to adults. 44 It is also possible that the tests used for the children (i.e., the arithmetic and reading subtests of the Wide Range Achievement Test and the block design and digit span subtests of the Wechsler Intelligence Scale for Children) are more sensitive to lead toxicity than the neurobehavioral tests used for adults. 45, 46 The analysis of the occupational studies shows that the exposed groups consistently performed worse on the simple reaction time and digit-symbol substitution tests. The average blood lead level of the control groups was 11.42 µg/dl, greater than the arithmetic mean from the NHANES III data (3.30 µg/dl) and less than the CDC limit (25 µg/dl). The average blood lead level of the exposed groups was 41.07 µg/dl, greater than 25 µg/dl and less than 50 µg/dl, the minimum concentration OSHA requires for medical removal from the workplace. The results of the analysis of the occupational studies indicate that the OSHA limit should be reevaluated.
A digit-symbol test was usually administered in the occupational studies. A symbol-digit test was used in three of the occupational studies and in the NHANES III. 30, 36, 38 The digitsymbol test is a paper and pencil test in which the subject responds by drawing symbols. The number of correct symbols is used as a measure of performance: the more correct symbols drawn, the better the performance. The symboldigit test is an adaptation of the paper and pencil test and is The subject responds by entering numbers on a keypad. The number of correct digits entered or the time it takes to enter the digits, called the latency, are used as measures of performance: the greater the number of correct digits or the smaller the latency, the better the performance. Two of the occupational studies using a symbol-digit test reported statistically significant decrements in performance, a decrease in the number of digits entered and an increase in latency. 30, 38 The third study reported no statistically significant difference in an unspecified measure. 36 Previous reviews of studies have indicated that neurophysiological measurements such as nerve conduction velocity can be affected by blood lead levels of 30 µg/dl and that neurobehavioral function can be affected at 40 µg/dl. 47, 48 A meta-analysis of studies comparing the nerve conduction velocities of lead-exposed and control groups found a statistically significant decrease in velocity (effect sizeϭϪ0.369) for the combined median and ulnar, sensory and motor nerves of the exposed groups. 49 The average blood lead levels of the exposed and control groups were not calculated in this analysis. Previous meta-analyses of neurobehavioral data also indicate an effect of lead. 50, 51 In one of these, statistically significant decreases in performance were found for block design (effect sizeϭϪ0.31; blood leadϭ41 µg/dl), logical memory (effect sizeϭϪ0.39; blood leadϭ38 µg/dl), Santa Ana with preferred hand (effect sizeϭϪ0.20; blood leadϭ44 µg/dl), and digit-symbol substitution (for two groups effect sizeϭϪ1.04; blood leadϭ44 µg/dl and effect sizeϭϪ0.25; blood leadϭ45 µg/dl), but not for simple reaction time (effect sizeϭ0.50). 50 Thus, previous summaries of neurophysiological and neurobehavioral data also indicate that the OSHA limit should be reevaluated.
